METHOD AND APPARATUS FOR OPTIMIZING OPTICAL SYSTEM 

AND 

RECORDING MEDIUM WITH PROGRAM FOR OPTIMIZING OPTICAL 

SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a method of optimizing an optical 
system which realizes automated design of an optical system, an apparatus 
for optimizing an optical system and a recording medium on which a 
program for optimizing an optical system is recorded. 

2. Description of the Related Art 

In recent years, it has been common to employ automated design 
using a computer for design of optical systems (simply referred to as "optical 
design" hereinafter). The automated optical design is realized by executing 
a design program on a computer. Thus, in performing the automated 
optical design, use of excellent design programs is an important factor to 
realize favorable optical design. 

Optical design is an operation to optimize design parameters of an 
optical system so that the optical system offers desired optical performance. 
The basic concept of the optimization of an optical system will be described 
herein below. Although the "optical system" denotes a system including at 
least one optical element such as a lens or a mirror, described hereinafter is 



a case where the optical system comprises only lenses, for a simple 
description. However, an optical design including other optical elements 
than the lens is realized basically in the same manner as the lens design 
described below. 

In the field of lens design, various numeric values indicating the 
configuration of a lens such as curvature of each lens surface, surface 
separation, refractive index of glass, dispersion, aspheric surface coefficient 
are called parameters. At least one of optical characteristics of a lens such 
as paraxial amounts (focal length, back focus and the like), aberration and 
lens shape is considered to evaluate the lens performance and a target value 
is set for each of evaluation subjects (i.e., optical characteristics to be 
evaluated). These parameters are changed in such a manner that the 
evaluated value of each optical characteristic becomes as close to the given 
target value as possible. 

In the field of lens design, a function for evaluation of lenses is 
generally called "merit function" (or evaluation function). The merit 
function is a sum total of functions represented by Wi*(fi-ti)2 of all evaluation 
subjects. In the Wi*(fi-ti)2, *fi' means a temporary characteristic value 
(evaluated value) of the ith evaluation subject ( i represents an integer 
greater than or equal to l)j 'ti' means a target value of the ith evaluation 
subject; 'wi' means a weight value of the ith subject; and means 
multipUcation. To obtain the parameter values that make the merit 
function the minimum is the essential operation of the automated lens 
design. There are many algorithms for minimizing the merit function such 



as a damped least squares (DLS) method and a quasi-Newton method. It is 
ideal that all evaluation values fi is equal to the target values ti, but 
practically it is not always. When all evaluation values do not correspond 
to the target value ti, varying balance between each weight Wi corresponding 
to each target value ti changes in turn the minimum of the merit function. 
Operation to seek the minimum point of the merit function by varying 
parameters is generally called "lens optimization". 

When designing lenses, design conditions such as paraxial amounts, 
e.g., focal length and back focus, lens shape, e.g., length or diameter of lens, 
tolerance level of distortion are required to be set identical to specifications. 
The specifications are given as a specific value or a value with a tolerance to 
a degree. Here, the design condition in which values are identical to the 
specification is called "constraint". The optimal point within a parameter 
space in lens optimization is formulated to be the minimum of the merit 
function under the conditions where all constraints are identical to the 
specifications. 

It is necessary for lenses to have preferable performance in image 
formation. For instance, an image pickup lens has to have preferable 
image formation performance within the range to be used of an object 
distance and the size of the screen. Especially, when the image pickup lens 
is a zoom lens, preferable image formation performance should be ensured 
within the range of an object distance and the size of the screen over the 
whole zooming range. In the design of such a lens, first of all, several 
typical zoom points are selected in the zooming range and optical 
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performance at each of the zoom points is subject to optimization. Then, 
several typical object distances at each zoom point are selected and several 
typical points are further selected on the object plane. Thus, the zoom lens 
is comprehensively optimized as to the state of image formation on the 
image plane, the image formation being performed by rays from a plurality 
of sample object points, the rays being sampled over several zoom points and 
object distances. Although the image pickup lens having a zoom function 
has been described above as an example, the above-mentioned process is not 
limited to this particular lens. General operation of the lens design is an 
optimization of image formation on the image plane of one or more of sample 
object points selected in accordance with a particular application of a lens. 

Typical optical properties used in the evaluation of lens performance 
will be now described. In an optical system, a light from an object point 
passes through a lens and the like and reaches on the image plane in the 
form of a spread flux. The flux reached on the image plane forms intensity 
distribution thereon in accordance with the properties of the optical system, 
which is called a point spread function (PSF). In a preferable state of 
image formation, the PSF takes a value other than zero in a very small 
range. Fourier transform of the PSF on condition that integration of 
intensity over the whole of image plane is normalized as '1' is called an 
optical transfer function (OTF). The OTF is a complex function in a two 
dimensional frequency space. The absolute value of the OTF is called a 
modulation transfer function (MTF). The MTF takes on values between 0 
and 1 and always 1 at the origin of the frequency space. The bigger the 



value of the MTF is, the better the image formation of the optical system is. 
The target in a lens performance is often set using the MTF. The MTF is 
generally evaluated in respect to a sagittal direction (S direction) and a 
tangential (or meridional) direction (T direction). Here, S direction denotes 
a direction vertical to a meridional plane, while T direction denotes a 
direction included in the meridional plane. The "meridional plane" denotes 
a plane including both an axis of symmetry and an object point in an 
axisymmetric lens when the object point is not on the axis of symmetry. 

Several sample rays are selected from a flux reaching from the object 
point to the image plane and positions of these rays on the image plane are 
plotted, and a thus formed diagram is called a spot diagram. The more 
these rays are converged on one point, the better image formation of the 
optical system is. Two axes orthogonal to each other on the image plane 
are designated as an X coordinate axis and a Y coordinate axis. Xi and Yi 
are coordinates of the ith sample ray on the image plane, and Xm and Ym are 
the mean of coordinates Xi and Yi over all sample rays, respectively. Root of 
mean of (Xi-Xm)^ (Yi-Ym)^ over V is called a root mean square (RMS) spot 
size. The RMS spot size is a numeric value showing a state how rays are 
converged. When the value is small, the spread of the PSF is small. 
When the light source is not a monochromatic light, several sample 
wavelengths are chosen, and ray tracing for each sample wavelength is 
conducted, in general. 

A ray with a standard wavelength passing through the center of the 
stop of an optical system is called a "principal ray". When Xc and Yc are 



coordinates on the image plane of the principal ray and Xi and Yi are 
coordinates on the image plane of the ith sample ray, Xi'Xc and Yi'Yc are 
called "transverse aberration" of the sample ray when taking the principal 
ray as a reference. This transverse aberration is a typical subject of the 
performance evaluation in the automated lens design. In one typical 
example of the merit function, the transverse aberration with regard to all 
sample rays from all sample object points is subjected to evaluate the 
performance. In the case where transverse aberration is the evaluation 
subject in the merit function, the simplest setting for the target value and 
weight is to set the target value to '0' and the weight to '1' with respect to X 
components and Y components of all sample rays from all sample object 
points. Considering that there is not much differences between the 
coordinates Xc and Yc of the principle ray and the mean coordinates Xm and 
Ym of all sample rays, the merit function on transverse aberration 
corresponds to a merit function acquired by summing root squares of the 
RMS spot size over all sample objects. In the automated lens design, the 
target value of transverse aberration of all sample rays is, however, not 
necessarily to be the same. The same weight also does not need to be set 
with respect to all sample rays. The target value and weight can be 
arbitrarily set with respect to each sample ray. When the target value and 
weight of each sample rays are changed, an optimal solution of the 
automated design changes. 

In addition to the aberration described above, other examples of lens 
aberration are transverse aberration taking a paraxial image point as a 



reference, wavefront aberration, spherical aberration, curvature of field by a 
principal ray and the like. Use of these aberrations as the evaluation 
subject in the merit function is effective to optimize the image formation. 

Meanwhile, in the automated lens design using the merit function in 
view of only general aberration, although the optimal solution is effective for 
the evaluation of aberration, other optical performance such as an 
evaluation of the MTF is not always optimized. When values of the MTF is 
given as a target of lens performance, lens optimization may be performed 
using the merit function on the MTF. However, there exist the following 
problems in that case. 

The MTF has higher non-linearity with parameters than that of 
aberration, thus it is difficult to optimize lenses effectively as compared to 
the case where aberration is subjected to be evaluated. It is apparent that 
the MTF has high non-linearity from the fact that the MTF takes on values 
only between 0 and 1. Meanwhile, since a greater value of the MTF is 
preferable, it is natural to set the design target to maximize a value 
obtained by summing all MTF values as the performance objective (e.g., a 
value obtained by summing all MTF values at each field angle). In this 
case, the merit function subjected to be maximized is a linear combination 
on the MTF. However, conventional algorithms for optimization such as a 
DLS method are assumed to be used on an evaluation subject with low 
non-linearity such as aberration, and objective thereof is to minimize the 
sum total of squares of the differences between the evaluated values and the 
target values. Thus, the conventional algorithms for lens optimization are 
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inappropriate for optimization on the evaluation subject having high 
non-linearity such as the MTF. As described above, with conventional 
optimization techniques, it is difficult to efficiently realize lens optimization 
on the MTF. 

There is another problem such that calculation for the MTF takes 
longer time than that for aberration. When optimization with aberration 
as the evaluation target is performed, the number of sample rays at one 
sample object point is about 10 to 20. To calculate the MTF with practical 
accuracy, however, at least more than 100 of rays have to be traced at one 
sample object point. Further, a process for obtaining the MTF from the 
result of ray tracing is complicated compared to that for obtaining 
aberration, resulting in requiring further longer time. As described above, 
it is apparent that lens optimization on the MTF takes long time. 

As described above, lens optimization method using the merit 
function on the MTF has various problems. Therefore, practically 
repetition of the following operation is common in lens design. First, an 
optimal solution of the lens on aberration is obtained. Then, the MTF is 
evaluated with regard to the optimal solution. A designer adjusts weights 
and target values on aberration in order to obtain better values of the MTF 
and re -optimizes the lens design on aberration. This series of steps is 
repeated. In such a lens design, however, manual work by a designer is 
required, so that high-speed calculation by a computer, which is an 
advantage of the automated design, cannot be fully utilized. Adjusting 
weights or target values for aberration to obtain a preferable MTF values 



needs experiences of a designer. Therefore, it is considered that if the 
function equivalent to the operation of manually adjusting weights or target 
values by a designer is automated, efficient and high-speed lens design can 
be realized for the purpose of optimizing the lens on the MTR 

This invention is achieved with a view of above problems. It is an 
object of the invention to provide a method of optimizing an optical system 
in which optical properties with high non-linearity such as the MTF are 
optimized at high speed compared to conventional methods, an apparatus 
for optimizing an optical system and a recording medium on which an 
optimization program of an optical system is recorded. 

SUMMARY OF THE INVENTION 

A method of optimizing an optical system of the invention includes a 
step of optimizing an optical system as a subject of design in a manner that 
a value of a first optical property approaches a target value on the basis of a 
first function for optimization in which the target value of the first optical 
property including at least an aberration is set; a step of automatically 
adjusting the first function for optimization in a manner that a value of 
second optical property approaches a desired target value of the second 
optical property on the basis of an evaluation result of the optical system on 
the second optical property, the second optical property having relatively 
high non-linearity with design parameters of the optical system compared to 
the first optical property; and a step of re"optimizing the optical system 
which has been optimized on the basis of the first function automatically 
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adjusted. 

A method of optimizing an optical system of the invention may 
further include a step of evaluating the optical system as a subject of design 
on the first optical property prior to the step of optimizing the optical system, 
and in the step of optimizing the optical system, optimization of the optical 
system may be performed on the basis of the first evaluation result and the 
first function. 

An apparatus for optimizing an optical system of the invention 
comprises optimization means for optimizing an optical system as a subject 
of design in a manner that a value of a first optical property approaches a 
target value on the basis of a function for optimization in which a target 
value of the first optical property including at least an aberration is set, J 
adjusting means for automatically adjusting the function for optimization in 
a manner that a value of second optical property approaches a desired 
target value of the second optical property on the basis of an evaluation 
result of the optical system on the second optical property, the second optical 
property having relatively high non-linearity with design parameters of the 
optical system compared to the first optical property? and control means for 
controlling the optimization means in a manner that re -optimization is 
performed on the optical system which has been optimized on the basis of 
the function for optimization automatically adjusted. 

An apparatus for optimizing an optical system of the invention may 
include a first evaluation means for evaluating the optical system as a 
subject of design on the first optical property prior to the optimization by the 



optimization means, and the optimization means performs optimization of 
the optical system on the basis of the first evaluation result and the function 
for optimization. 

On a recording medium of the invention, the optimization program 
allowing a computer to process each step in the above-mentioned method of 
optimizing an optical system is recorded. 

In the method of optimizing an optical system of the invention, the 
first optical property may have a weight in the first function. 

In the method of optimizing an optical system of the invention, the 
step of automatically adjusting the first function may include a process of 
automatically adjusting the first function on the basis of the second 
evaluation result and the second function for optimization in which the 
desired target value of the second optical property is considered. 

In the method of optimizing an optical system of the invention, the 
second optical property may include a modulations transfer function (MTF), 
for example. 

In the a method of optimizing an optical system of the invention, in 
the first function, the first optical properties may be considered on each of a 
plurality of sample object points set in different positions and the automated 
adjustment of the first function may include a process of relatively adjusting 
the values of the weights. At this time, the automated adjustment of the 
first function may include a process of adjusting the values of the weights 
for each of the two coordinate components on each sample object point, the 
two coordinate components being orthogonal to each other. Here, the two 



coordinate components orthogonal to each other denote components of the X 
coordinate and the Y coordinate orthogonal to each other set on the image 
plane, for example. 

According to a method of optimizing an optical system of the 
invention, in the first function, the first optical properties are considered on 
each of a plurality of different sample rays from one sample object point and 
the automated adjustment of the first function includes a process of 
relatively adjusting the values of the weights, for example. At this time, 
the automated adjustment of the first function may further include a 
process of adjusting the values of the weights for each of the two coordinate 
components of each sample object ray, the two coordinate components being 
orthogonal to each other. Here, the two components orthogonal to each 
other denote components of the X coordinate and the Y coordinate 
orthogonal to each other set on the image plane, for example. 

According to a method of optimizing an optical system of the 
invention, the first optical properties include an optical property for 
controlling a peak position, the optical property contributing to a peak 
position control of the MTF, and the automated adjustment of the first 
function includes a process of adjusting a function on the optical property for 
controlling the peak position in a manner that the MTF approaches a 
desired target value. Here, the functions describing optical properties for 
controlling the peak position includes a function on curvature of field of a 
principal ray, a function on the mean of longitudinal aberrations and a 
function on the minimum of square spot size, for example. 



A method of optimizing an optical system of the invention is 
apphcable to a so-called global optimization. When the method of 
optimizing an optical system is applied to the global optimization, in the 
step of optimizing an optical system, a plurality of local optimal solutions 
are obtained by performing global optimization; in the process of evaluating 
the optical system on second optical property, evaluation of each of one or 
more of a plurality of optical systems described by the plurality of local 
optimal solutions is performed; in the step of automatically adjusting the 
first function, the first function is automatically adjusted for each of the one 
or more of the optical systems performed in a manner that the value of the 
second optical property approaches a desired target value; and in the step of 
re-performing optimization, each of the one or more of the optical systems is 
re-optimized. As described, at least one cycle of optimization and 
automated adjustment is performed after the global optimization. 

In the method of optimizing an optical system, the apparatus for an 
optical system and the recording medium on which an optimization program 
of the optical system is recorded, optimization of the optical system as a 
subject of design is performed in a manner that the value of the first optical 
property approaches the target value on the basis of the function for 
optimization (First function) in which the target value for the first optical 
property including at least an aberration is set. Subsequently, the function 
for optimization is automatically adjusted in a manner that the value of the 
second optical property approaches the desired target value of the second 
optical property on the basis of the evaluation result of the second optical 



property having relatively high non-linearity with design parameters of the 
optical system compared to the first optical property. Then, optimization is 
performed again on the optical system which has been optimized on the 
basis of the function for optimization automatically adjusted. At least one 
cycle of the aforementioned automated adjustment and optimization is 
performed. 

In the present invention, "optical system" denotes an optical system 
comprising at least one optical element such as lens or mirror and wherein 
obtained is a desired optical image utilizing refraction or reflection of rays 
by the optical element. 

Other and further objects, features and advantages of the invention 
will appear more fully from the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram showing the configuration of hardware of 
an apparatus for optimizing an optical system according to a first 
embodiment of the present invention? 

Fig. 2 is a block diagram showing the functional structure of the 
apparatus for optimizing an optical system according to the first 
embodiment of the present invention; 

Fig. 3 is a flow chart showing a procedure of the operation of a 
method of optimizing an optical system which is realized by the function of 
the apparatus for optimizing an optical system according to the first 



embodiment of the present invention; 

Fig. 4 is a sectional view of the lens of the starting point for 
optimization in an experimental example with actual numeric values in 
which the apparatus for optimizing an optical system and the method of 
optimizing an optical system according to the first embodiment of the 
present invention are employed; 

Fig. 5 is a table containing specific lens data of the lens shown in Fig. 

4; 

Fig. 6 is a table containing design conditions for the lens shown in 

Fig. 4; 

Fig. 7 is a table containing setting for target values of a particular 
MTF used in the lens optimization in the first embodiment of the present 
invention; 

Fig. 8 is a table containing results of optimization using the first 
target values shown in Fig. 7; 

Fig. 9 is a table containing results of optimization using the second 
target values shown in Fig. 7; 

Fig. 10 is a table containing lens data obtained in the optimization 
using the first target values shown in Fig. 7; 

Fig. 11 is a table containing lens data obtained in the optimization 
using the second target values shown in Fig. 7; 

Fig, 12 is a cross sectional view of the lens obtained in the 
optimization using the first target values shown in Fig. 7; 

Fig. 13 is a cross sectional view of the lens obtained in the 



optimization using the second target values shown in Fig. 7; 

Fig. 14 is a graph showing the MTF performance of the lens obtained 
in the optimization using the first target values shown in Fig. 7; 

Fig. 15 is a graph showing the MTF performance of the lens obtained 
in the optimization using the second target values shown in Fig. 7; 

Fig. 16 is a graph showing the concept of global optimization; 

Fig. 17 is a flow chart showing a procedure of operation of a method 
of optimizing an optical system which is realized by the function of the 
apparatus for optimizing an optical system according to a second 
embodiment of the present invention; 

Fig. 18 is a table containing setting for target values of a particular 
MTF used in lens optimization in the second embodiment of the present 
invention; 

Fig. 19 is a table containing values of the merit function obtained 
when lens optimization according to the second embodiment of the present 
invention is performed using the target values in Fig. 18; 

Fig. 20 is a table containing lens data of the third solution in Fig. 19; 

Fig. 21 is a sectional view of the lens obtained based on the first 
solution in Fig. 19; 

Fig. 22 is a sectional view of the lens obtained based on the second 
solution in Fig. 19, 

Fig. 23 is a sectional view of the lens obtained based on the third 
solution in Fig. 19; 

Fig. 24 is a sectional view of the lens obtained based on the fourth 



solution in Fig. 19; 

Fig. 25 is a sectional view of the lens obtained based on the fifth 
solution in Fig. 19; 

Fig. 26 is a graph showing MTF performance of the first solution in 

Fig. 19; 

Fig. 27 is a graph showing MTF performance of the second solution 
in Fig. 19; 

Fig. 28 is a graph showing MTF performance of the third solution in 

Fig. 19; 

Fig. 29 is a graph showing MTF performance of the fourth solution 
in Fig. 19; 

Fig. 30 is a graph showing MTF performance of the fifth solution in 

Fig. 19. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will be described below in 
detail with reference to accompanying drawings. 
[First embodiment] 

Fig. 1 shows the configuration of hardware of an apparatus for 
optimizing an optical system according to a first embodiment of the present 
invention. The apparatus for optimizing an optical system of the 
embodiment is a computer. More specifically, as shown in Fig. 1, the 
apparatus for optimizing an optical system comprises a central processing 
unit (CPU) 11, a main storage (internal storage) 12, an input device 13, 
output device 14 and an auxiliary storage (external storage) 15. Further, 



the appax^atus for optimizing an optical system has a bus 16 which connects 
one component to another. 

The CPU 11 controls each component and performs predetermined 
calculation on the basis of a program given. The main storage 12 is 
constituted of a random access memory (RAM), for example. The main 
storage 12 is mainly used for an area for the CPU 11 to operate. For 
example, the main storage 12 stores a program and data loaded from the 
auxiliary storage 15 and data calculated by the GPU 11. 

The input device 13 includes a keyboard or a mouse and is used for 
inputting various data for setting. The output device 14 includes a display 
or a printer and is used for outputting calculation results of the CPU 11 to 
an external device. Examples of the display constituting the output device 
14 are a cathode ray tube (CRT) or liquid crystal display (LCD). 

The auxiliary storage 15 has an ancillary function to the main 
storage 12 and stores a program executed by CPU 11, data required for 
execution of a program and data calculated by CPU 11. The auxiliary 
storage 15 has a hard disk drive (HDD) 23 connected to the bus 16 through 
an interface 22 (represented by I/F in Fig. l), a drive device 24 connected to 
the bus 16 through an interface 21 and a recording medium 25 removable 
from the drive device 24. The HDD 23 has a writable hard disk. Each of 
the hard disk drive 23 and the recording medium 25 corresponds to a 
specific example of a recording medium on which an optimization program 
of the present invention is recorded. 

Various kinds of memory cards utilizing a flash memory, optical disk 



or floppy disk are employed as the recording medium 25. Examples of the 
optical disk used as the recording medium 25 are various kinds of compact 
disk media such as a compact disc-read only memory (CD-ROM) or compact 
disk-recordable (CD-R) or magneto -optical (MO) disk. The drive device 24 
corresponds to a particular type of the recording medium 25 employed, and 
has the function of reading data written on the recording medium 25. 
When the recording medium 25 is writable, the drive device 24 has the 
function of writing data on the recording medium 25. 

With the apparatus for optimizing an optical system, the 
optimization program of an optical system recorded on the hard disk drive 
23 or the recording medium 25 is loaded into the main storage 12 and the 
loaded optimization program is executed in the CPU 11, thus the optical 
system is optimized. Data for initial setting necessary for optimization of 
an optical system or the like are inputted from the input device 13. When 
inputting data for initial setting, instructions for data input are displayed 
on the screen of the display of the output device 14. The optimized data are 
outputted to the display or printer of the output device 14. 

The optimization program of an optical system executed in the 
apparatus for optimizing an optical system may be provided via a 
communication network such as a local area network (LAN) by connecting a 
communication interface to the bus 16 instead of being provided from the 
hard disk drive 23 or the recording medium 25, for example. 

Fig. 2 shows the functional structure of the apparatus for optimizing 
an optical system. As shown in Fig. 2, the apparatus for optimizing an 



optical system comprises an initial setting unit 31 which conducts initial 
setting of various data 31A necessary for optimization, a first optimization 
unit 32 and a second optimization unit 33 which perform various calculation 
for optimization based on the data 31A retaining the setting from the initial 
setting unit 31 and an output unit 38 which outputs optimization results. 

The initial setting unit 31 conducts setting for initial data retaining 
the configuration of the optical system, setting for parameters to be used for 
optimization, initial setting for the merit function and the like, for example. 
Initial setting for the merit function includes, for example, instructions as to 
which optical property is subject to evaluation for optimization, initial 
setting of weights and target values for the instructed evaluation subject 
and the like. According to the embodiment, described is an example as 
follows^ It is the goal that the evaluated value of the MTF corresponds to a 
desired value. The optimal solution of the optical system on aberration is 
sought, and optimization of the optical system is conducted by automatically 
adjusting the merit function used for seeking the optimal solution in such a 
manner that the evaluated value of the MTF approaches the desired value 
as close as possible. Here, adjustment to the merit function denotes 
adjustment to weights and target values in the merit function for aberration. 
A method such that optimization of the optical system is conducted by 
automatically adjusting weights or target values for aberration in a manner 
that the evaluated value of the MTF approaches a desired value is simply 
called "MTF optimization" below. 

The first optimization unit 32 has the function of seeking an optimal 
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solution of the optical system on aberration. The first optimization unit 32 
comprises an aberration evaluation unit 34 and an aberration optimization 
unit 35. The aberration evaluation unit 34 has the function of obtaining 
the evaluated value of aberration set as the evaluation subject in accordance 
with a command 35B from the aberration optimization unit 35, evaluating 
the optical system subject to design (first evaluation) and outputting a data 
34A retaining the evaluation result to the aberration optimization unit 35. 
The aberration optimization unit 35 has the function of seeking the optimal 
solution of the optical system on aberration on the basis of the evaluation 
result of the aberration evaluation unit 34 and a merit function (First 
function) on aberration. When the evaluated value of aberration is 
required in order to seek the optimal solution, the aberration optimization 
unit 35 transmits the command 35B for evaluating the optical system to the 
aberration evaluation unit 34. 

The second optimization unit 33 has the function of automatically 
adjusting weights or target values for aberration in a manner that the 
evaluated value of the MTF approaches the desired value and transmitting 
the result back to the first optimization unit 32. The most striking function 
of the apparatus for optimizing an optical system is the second optimization 
unit 33. The second optimization unit 33 includes an MTF evaluation unit 
36 and a target value adjusting unit 37. The MTF evaluation unit 36 has 
the function of performing MTF evaluation (Second evaluation) on the 
optical system which has been optimized in the aberration optimization unit 
35 and outputting a data 36A retaining the evaluation result to the target 



value adjusting unit 37. The target value adjusting unit 37 has the 
function of automatically adjusting weights or target values of the merit 
function of aberration in a manner that the evaluated value of the MTF 
approaches the desired value, on the basis of the evaluation result of the 
MTF evaluation unit 36 and the merit function (Second function) with the 
MTF as the evaluation function, the MTF being set in the initial setting unit 
31. The target value adjusting unit 37 also has the function of 
transmitting the data 37 including the weight and target value which have 
been automatically adjusted to the aberration optimization unit 35 and 
making the aberration optimization unit 35 re-seek the optimal solution of 
the optical system on aberration on the basis of the merit function which 
has been adjusted using the data 37 automatically adjusted. 

The functional structure in Fig. 2 is realized by executing the 
optimization program of the optical system according to the embodiment in 
the apparatus for optimizing an optical system with the hardware 
configuration as in Fig. 1. A brief description regarding to the relationship 
between the hardware configuration as in Fig. 1 and the functional 
structure as in Fig. 2 is given below. The function of the initial setting unit 
31 is realized mainly by the input device 13. The function of the output 
unit 38 is realized by the output device 14. The function of the first 
optimization unit 32 and the second optimization unit 33 is realized when 
the CPU 11 executes the optimization program of the optical system. 
Further, the relationship between the functional structure as in Fig. 2 and 
each means of the apparatus for optimizing an optical system of the present 
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invention will be described below. The aberration evaluation unit 34 
corresponds to a first evaluation means; the aberration optimization unit 35 
corresponds to an optimization means; the MTF evaluation unit 36 
corresponds to a second evaluation means, and the target value adjusting 
unit 37 corresponds to an adjusting means and a controlling means. 

The operation of the apparatus for optimizing an optical system with 
the above mentioned configuration and a method of optimizing an optical 
system which is realized by the apparatus for optimizing an optical system 
will be described herein below. 

Generally one cycle of calculation for optimization largely falls into 
two operations : calculation of a variation table and a search for the optimal 
point. The variation table is a table containing amounts changed of each 
evaluation subject such as aberration in accordance with slight changes of 
each parameter. In order to obtain the variation table, evaluation of the 
optical system needs to be conducted for the number of times equal to the 
number of parameters. When the optical property subject to evaluation 
shows linearity relative to parameters, the optimal point can be obtained 
only from the information of the variation table. On the other hand, when 
the evaluation subject shows non-linearity with parameters, a search for the 
optimal point has to be conducted by trial and error with reference to the 
variation table. More specifically, the optical system is evaluated at several 
candidate points and the optimal point is selected among these candidate 
points. The farther the candidate point is away from the starting point 
with which the variation table is obtained, the more different the actual 
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state at the candidate point is from the state projected from the variation 
table. Therefore, the variation table is re-compiled using optimal points 
obtained so far and a further search for optimal points is conducted. 

With the apparatus for optimizing an optical system, the optimal 
solution of the optical system is obtained using the merit function with 
aberration as the evaluation target in the first optimization unit 32 (Fig. 2), 
and weights or target values of the merit function for aberration are 
automatically adjusted in the second optimization unit 33 in a manner that 
the evaluated value of the MTF approaches the desired value. At this time, 
at least during one cycle of calculation for optimization on aberration, 
evaluation of the MTF and adjustment to the weight and target value for 
aberration are not conducted in the second optimization unit 33. With the 
apparatus for optimizing an optical system, when at least one cycle of 
calculation for optimization on aberration is completed in the second 
optimization unit 33, the MTF is evaluated and the weight or target value 
for aberration is automatically adjusted in the manner to be described below. 
Thereafter, another cycle of calculation for optimization is conducted in the 
first optimization unit 32 using the adjusted weight and target value. By 
repeating this process weights and target values for aberration are 
appropriately adjusted in accordance with the performance objective of the 
MTF, thus the result of optimization approaches the performance objective 
of the MTF. With respect to optimization on aberration, conventionally 
there exists an efficient and high-speed algorithm. Meanwhile, evaluation 
of the MTF takes longer time than that of aberration. With this 
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conventional method, optimization of the MTF is conducted in a way that 
evaluation of the MTF is performed for the same number as that of 
evaluation of aberration in one cycle of optimization. On the other hand, 
with the apparatus for optimizing an optical system of the invention, 
evaluation of the MTF is performed only once for every one cycle or more 
cycles of optimization for aberration. Thus, the apparatus for optimizing 
an optical system of the invention can process optimization for a very short 
time compared to the conventional method. 

With the apparatus for optimizing an optical system, repetition of 
the cycle of the MTF optimization including automated adjustment to 
weights and target values is halted when all performance objectives of the 
MTF are satisfied or judgment that no further improvement can be expected 
is made. For instance, assume that performance objectives of the MTF of 
the S direction and the T direction are set at each sample object point for 
several spatial frequencies. For judgment on the overall improvement of 
the MTF, a merit function for the MTF has to be defined. A simple example 
of the merit function for the MTF is a sum total of differences between the 
target values of the MTF and the present evaluated values of the MTF with 
regard to all evaluation subjects of the MTF which have not reached the 
target value. In the apparatus for optimizing an optical system, a degree of 
improvement of the merit function for the MTF is checked in the second 
optimization unit 33 for every predetermined cycles of the optimization of 
aberration. When improvement is not recognized for the number of cycles 
specified, repetition of the optimization cycle is halted. 



With reference to Fig. 3 an overall flow of the MTF optimization 
process will be described on the time series. With the embodiment, the 
optimization program for implementing a process including each step as in 
Fig. 3 is recorded on the hard disk drive 23 or the recording medium 25 (Fig. 
l) in the form of a program executable in a computer, for example. 

With the apparatus for optimizing an optical system, first the initial 
setting unit 31 (Fig.2) performs input process of initial setting values of 
various data 3 lA required for optimization (Step SlO). In this input 
process, firstly initial data indicating the structure of the optical system to 
be designed, that is, the data of the structure of the optical system to be the 
starting point for optimization are set (Step Sll). A specific example of the 
data of the structure of the optical system is lens data of the starting point 
in the experimental example to be described later (Fig. 5). Then, in the 
input process setting for parameters for optimization and initial setting for 
the merit function or the like are performed (Step 12). The setting for the 
merit function includes instructions as to which optical property is subject 
to evaluation for optimization and initial setting for weights and target 
values for the evaluation subject instructed. In the setting of the merit 
function, the merit function on aberration and the merit function for the 
MTF which is the ultimate performance objective are mainly set. Specific 
examples of the setting of parameters and the initial setting of the merit 
function are shown in Figs. 6 and 7 in the experimental example. In the 
input process of initial setting values, the apparatus for optimizing an 
optical system successively receives data which are directly inputted by a 



designer through the input device 13. Alternatively, part of the data for 
initial setting is pre-recorded on the recording medium 25 or the like in the 
apparatus for optimizing an optical system and the data may be read one by 
one. 

After completing setting of various data for optimization, the first 
optimization unit 32 performs optimization process of the optical system on 
aberration on the basis of the setting (Step S20). The optimization process 
on aberration may be performed one cycle or several cycles prior to the MTF 
evaluation. In this optimization process, the aberration evaluation unit 34 
performs evaluation of the optical system (First evaluation) for the number 
of times equal to the number of parameters (Step S2l). Thereafter, 
calculation of the variation table is performed on the basis of the evaluation 
result (Step S2l). Actual calculation of the variation table is performed by 
the aberration optimization unit 35. Next, a search for the optimal point of 
the parameters is performed in a manner that the set merit function takes 
the minimum on the basis of the obtained variation table (Step S22). This 
search for the optimal point is performed by the aberration optimization 
unit 35. 

After performing at least one cycle of the optimization process on 
aberration, the second optimization unit 33 performs automated adjustment 
to the merit function for aberration (Step S30). In order to perform the 
automated adjustment to the merit function, the aberration optimization 
unit 35 performs evaluation of the MTF (Second evaluation) on the optical 
system optimized by the aberration optimization unit 35 on the basis of the 
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data 35A of the optimal solution obtained by the aberi^ation optimization 
unit 35 (Step S3l). Subsequently, the apparatus for optimizing an optical 
system judges whether a desired performance objective of the MTF is 
satisfied or not (Step S32). When the performance objective is satisfied 
(Step S32; Y), the output unit 38 outputs the optimization result. The 
judgment made in Step S32 includes a judgment as to whether further 
improvement of the MTF can be expected or not. With the apparatus for 
optimizing an optical system, even in the case where the MTF has not 
reached the set target value, even when further improvement of the MTF 
cannot be expected (Step S32;Y), calculation for optimization is halted at 
that point and the optimization results is outputted. 

Meanwhile, in the case where the performance objective of the MTF 
is not satisfied, when further improvement of the MTF can be expected 
(Step S32; N), the apparatus for optimizing an optical system returns to 
Step 20 after automatically adjusting weights and target values of the merit 
function for aberration in a manner that the evaluated value of the MTF 
approaches the desired value (Step S33). This automated adjustment is 
conducted by the target value adjusting unit 37 on the basis of the 
evaluation results of the MTF by the MTF evaluation unit 36 and the merit 
function (Second function) on the MTF, the MTF being set in the initial 
setting unit 31. The target value adjusting unit 37 transmits the data 37A 
to the aberration optimization unit 35, the data 37A describing the weights 
and the target values which have been automatically adjusted, and makes 
the aberration optimization unit 35 re perform optimization of the optical 



system with aberration as the evaluation object. With the apparatus for 
optimizing an optical system, the optimization process including 
above-mentioned steps is performed, thereby realizing favorable 
optimization aimed at improving the MTF as the ultimate goal. 

The automated adjustment to the merit function will be described in 
detail below. Heretofore, adjustment to weights and target values of the 
merit function has been conducted routinely by a designer. The algorithm 
for the automated adjustment to weights and target values of the merit 
function used in the apparatus for optimizing an optical system of the 
embodiment is different from the conventional adjustment method 
performed by a designer. A human being makes very complicated 
judgment at one time considering various factors but it is not easy to 
accurately program the path of the thought. As compared to the automated 
adjustment program which is created based on the human thought, the 
automated adjustment program to be described below is practical. A 
simple procedure which can be processed by a machine is created, and this 
procedure is repeated, which realizes the function equal to that performed 
by a human. Repeating the simple procedure is too easy for humans to 
perform, but a calculating machine can perform this process at high speed. 
The automated adjustment to the merit function in the apparatus for 
optimizing an optical system can be divided into three functions as follows ^ 

(1) Adjustment to a relative value of a weight of each optical 
property at a plurality of different sample object points. 

(2) Adjustment to a peak position control function related to control 



over the peak position of the MTF. 

(3) Adjustment to a relative value of a weight of each of a plurality of 
different sample rays from one sample object point. 

Adjustment as in (l) will be described below. Here, a plurality of 
sample object points are set at different positions in the optical system to be 
designed and performance objectives of the MTF are given to each sample 
object point. In this case, it is difficult to tell in advance that how much 
weight should be given to each of the sample object points on aberration, so 
that the balance of the MTF at each sample object point becomes identical to 
the performance objective. For example, when calculation for optimization 
is performed using the same weight in the functions for aberration of two 
sample object points, MTF values of the obtained optimal points of the two 
sample points are not always the same. Further, values of the MTF in the 
S direction and T direction of the same sample object point with the same 
spatial frequency are not necessary the same. Here, considered is a case 
where an X coordinate and a Y coordinate orthogonal to each other on the 
image plane are given, and the X coordinate and the Y coordinate are set so 
as to correspond to the S direction and the Y direction in a frequency space. 
In this case, improvement in aberration of X components mainly contributes 
to improvement of the MTF in the S direction while improvement in 
aberration of Y components mainly contributes to improvement of the MTF 
in the T direction. With the apparatus for optimizing an optical system, 
depending on the state of the optimal point obtained, the weight for 
aberration of X components is made larger with regard to the sample points 



which have not achieved the performance objective of the MTF in the S 
direction while the weight for aberration of X components is made smaller 
with regard to the sample points which exceed the performance objective of 
the MTF in the S direction. Even though the sample object point has not 
achieved the MTF performance objective, the weight does not need to be 
made larger while the MTF performance is kept improving. The same 
operation is applied to the MTF in the Y direction and aberration of Y 
components. 

Adjustment as in (2) will be described below. In the optical system, 
intensity distribution of a luminous flux at the front and rear of the set 
image plane varies relative to the amount of shift of the image plane. The 
intensity distribution at the image plane is not always more preferable than 
that at the position shifted forwardly or backwardly. With the optical 
system, the MTF value changes relative to the amount of shift of the image 
plane and comes to a peak at a shifted position of image plane. With a 
general optical system, it is important that the peak position approaches the 
image plane as close as possible in order to improve the MTF. Unlike MTF 
values, the peak position of the MTF has less non-linearity with parameters, 
whereby the peak position of the MTF can be a subject for optimization. 
However, it takes longer calculation time to obtain the peak position of the 
MTF than to obtain MTF values at the image plane. Therefore, in this 
embodiment, the peak position of the MTF is not directly optimized but the 
function for aberration typifying the peak position of the MTF is constructed 
and controlled, thus indirectly the peak position of the MTF can be 



controlled. 

In the optical system, the amount of change of curvature of field of a 
principal ray and the amount of change of the peak position of the MTF are 
correlated. When the curvature of field of the S direction shifts to the plus 
side, there is high possibility that the peak position of the MTF of the S 
direction shifts to the plus side for the same amount of the shift of curvature 
of field. Analogously, when the curvature of field of the T direction shifts to 
the plus side, there is high possibility that the peak position of the MTF of 
the T direction shifts to the plus side for the same amount of the shift of the 
curvature of field. Accordingly, inclusion of the function of curvature of 
field of a principal ray in the function for controlling the peak position of the 
MTF makes it possible to control the peak position of the MTF to some 
extent. Here, assume that curvature of field is the evaluation subject and 
the present evaluated value is f. In the case where the peak position of the 
MTF is adjusted using f, when the peak position of the MTF is p, the merit 
function is set with f-p as a new target point of the curvature of field. 
When optimization is performed using this merit function, according as the 
curvature of field changes by about — p, the peak position of the MTF 
changes by about — p, thus the peak position of the MTF returns to the 
vicinity of the image plane. By repetition of such a control, the peak 
position of the MTF approaches the image plane as close as possible. 

However, to be accurate the curvature of field of the principal ray 
does not always typify change of the convergence point of the luminous flux. 
A "mean of longitudinal aberrations" and "minimum point of square spot 



size" to be defined below are considered to be the function for aberration of 
the typical peak position of the MTR 

With the optical system, transverse aberration of X components of 
each sample ray becomes 0 at a certain point shifted of the image plane. 
The amount of shift with which the transverse aberration becomes 0 is 
called "longitudinal aberration" as a contrast to the transverse aberration. 
The mean of longitudinal aberrations of X components of all sample rays 
typifies the peak position of the MTF of the S direction. The mean of 
longitudinal aberrations of the Y direction is also defined in the same 
manner. When the X coordinate of the ith sample ray is Xi and the X 
coordinate of the mean of all sample rays of Xi is Xm, the mean of all sample 
rays of (Xi-Xm)^ is called "square spot size" of the S direction. The square 
spot size of the S direction is a function of the amount of shift of the image 
plane, and the minimum point of the square spot size typifies the peak 
position of the MTF of the S direction. Analogously, the minimum point of 
the square spot size of the T direction is also defined in a same manner. 
Values of the function for aberration typifying the peak position of the MTF 
described above may be obtained using sample rays with all wavelengths or 
sample rays with a standard wavelength. The peak position of the MTF 
shifts in accordance with the spatial frequency to some extent. When the 
MTF with a plurality of spatial frequencies is the performance objective, the 
mean of the peak positions with these special frequencies is obtained. 

Adjustment as in (3) will be described below. With the optimization 
method, adjustment to weights for aberration is not always performed at the 




same rate with regard to different sample rays reaching from one sample 
object point. For instance, relative magnitude of weights may be different 
to each other between a ray group in which rays pass through the center of 
the pupil of the optical system and a marginal ray group. The value of the 
MTF may be improved by adjusting relative values of weights of each 
sample ray. Further, with the apparatus for optimizing an optical system 
different values of weights may be set with regard to two components 
orthogonal to each other (X components and Y components) of each sample 
ray. 

As described above, with the method of optimizing an optical system 
and the apparatus for optimizing an optical system of the embodiment, the 
optimal solution of the optical system is obtained using the merit function 
with aberration as the evaluation object. Further, weights and target 
values of the merit function for aberration are automatically adjusted in a 
manner that the evaluated value of the MTF and the like approaches a 
predetermined value, and then optimization of the optical system is 
re-conducted using the adjusted weights and target values. Thus, the 
function equivalent to the conventional process in which weights and target 
values are manually adjusted by a designer can be automated. Accordingly, 
optical properties with high non-linearity such as the MTF can be efficiently 
optimized at high speed compared to the conventional method. 
[Experimental example l] 

An experimental example of lens optimization using actual numeric 
values in which the method of optimizing an optical system and the 



apparatus therefor according to the first embodiment will be described 
below. 

In this experimental example 1, a tessar type photographic lens as 
in Figs. 4 and 5 is subject to optimization. Fig. 4 shows the configuration of 
a photographic lens 1 of the starting point before optimization. Fig. 5 
shows lens data of the components of the photographic lens 1 as in Fig. 4 in 
numeric values. In Fig. 4, the line indicated by Zo represents an optical 
axis and the line indicated by Zl represents a principal ray at the maximum 
field angle. The line indicated by 2 is the position of the plane of image 
formation. In Fig. 5, a surface number Si is the number of the ith lens 
surface incrementing from 1 of the closest lens to the object toward the 
image plane. In Figs. 4 and 5, Ri represents the radius of curvature of the 
ith lens surface Si. Di represents the surface separation between the ith 
lens surface Si and the [i+ljth lens surface Si+1 on the optical axis. In the 
lens data as in Fig. 5, the refractive index Ndi and the Abbe's number vdi are 
values relative to the d line (wavelength Xd=587.6nm). The radius of 
curvature Ri and the surface separation Di is expressed in millimeter (mm). 

The photographic lens 1 comprises a first lens LI, a second lens L2, 
a third lens L3 and a fourth lens L4 in this order from the side of the object. 
The third lens L3 and the fourth lens L4 constitute a cemented lens in 
which the image side lens surface of the third lens L3 and the object side 
lens surface of the fourth lens L4 are jointed. 

As shown in Fig. 6, a design condition of the photographic lens 1 is 
as follows; focal length f of the whole system is SOmmJ F number (Fno.) is 




4.0; location of object point is infinite; half field angel co is 20 degrees; 
distortion is within 1%; and vignetting is none. Sample object points for 
evaluation of optical performance are set at three positions : the center (on 
the optical axis; half field angle o>=0), a point at the half field angle co of 14 
degrees and a point at the half field angle co of 20 degrees. A frequency for 
MTF evaluation is set for 40cs/mm. The sample wavelength is set for 
435. 8nm, 546, Inm and 656. nm and the weight for each wavelength are set 
fori:i:i. 

With the experimental example 1, MTF optimization is performed 
under the design condition shown in Fig. 6. In this optimization, numeric 
values for the radius of curvature Ri, surface interval Di, refractive index 
Ndi and Abbess number vdi in the lens data as in Fig. 5 are used as 
parameters and the target value to be described below is used in the merit 
function. 

With respect to the merit function for aberration, transverse 
aberration at each sample field angle and the mean of longitudinal 
aberrations with a standard wavelength (546. Inm) are the evaluation 
subject. The initial value of the target value for aberration is set for 0 and 
the initial value of the weight is set for 1. The focal distance and distortion 
are constraint in the design condition and set so as to correspond to the 
values shown in Fig. 6. 

With respect to the merit function for MTF, specifically for the 
purpose of showing effects of MTF optimization, two different target values 
for the MTF are set (i.e., two merit functions are constructed) for each field 
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angle as in Fig. 7 and each target value is optimized. As shown in Fig, 7 
the MTF performance at the center is emphasized in setting of the first 
target value (referred to as Target 1 herein later). With Target 1 the MTF 
of the S direction is 65% at the center and 55% at the field angle of 14 
degrees and 20 degrees, and the MTF of the T direction is 65% at the field 
angle of 14 degrees and 20 degrees. With regard to the setting of the 
second target value (referred to as Target 2 herein later), the MTF of the S 
direction is the same value (57%) at all field angles and the MTF of the T 
direction is the same value (65%) at all field angles. For example, 65% of 
the MTF denotes 0.65 of the MTF. 

Figs. 8 and 9 show optimal solutions of the lens obtained by 
performing optimization under the following conditions. Fig. 8 shows the 
results of optimization using Target 1. Fig. 9 shows the results of 
optimization using Target 2. In Figs. 8 and 9 shown are values of optimal 
solutions of the MTF, the adjustment ratio of the weight for aberration, and 
the adjusted target value of the mean of longitudinal aberrations with 
regard to the S direction and the T direction for each field angle. The unit 
of the mean target value of longitudinal aberrations is indicated in jxm. 

In Figs. 8 and 9, the results of the adjustment ratio of the weight 
reflect the difference in setting of the target for the MTF. For example, the 
value of adjustment ratio of weight in Target 1 is greater than that of Target 
2, Target 1 emphasizing MTF performance at the center of the field angle. 
The target value of the mean of longitudinal aberrations reflects a deviation 
from the peak position of the MTF. For example, when the target value of 




the mean of longitudinal aberrations is negative- the mean of longitudinal 
aberrations with a standard wavelength deviates to the negative side from 
the peak position of the MTF. Since the focal length and distortion are 
controlled as a constraint, values thereof are not affected by the influence of 
the adjustment to weights and target values for aberration. Thus, the 
values of the design condition for the focal length and distortion are not 
changed. With the experimental example, the value of the merit function 
of the MTF is 4% in the solution of Target 1 and 2% in the solution of Target 
2. Here, the value of the merit function on the MTF is obtained in a 
manner that the differences between the target value of the MTF and the 
evaluated value of the MTF at the optimal solution are summed over all 
sample field angles of the S direction and the T direction. 

Fig. 10 shows lens data of a photographic lens lA obtained by the 
optimization with Target 1. Fig. 11 shows lens data of a photographic lens 
IB by the optimization with Target 2. Fig. 12 illustrates the configuration 
of the photographic lens lA corresponding to the lens data in Fig. 10, and 
Fig. 13 illustrates the configuration of the photographic lens IB 
corresponding to the lens data in Fig. 11. 

Fig. 14 shows the MTF performance of the photographic lens lA 
obtained by the optimization with Target 1. Fig. 15 shows the MTF 
performance of the photographic lens IB obtained by the optimization with 
Target 2. In Figs. 14 and 15, the horizontal axis represents the amount of 
shift from the image plane while the vertical axis represents the value of 
MTF (%). In Figs. 14 and 15, the MTFs of all field angles are shown 
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simultaneously. The solid line denotes the MTF of the S direction and the 
broken line denotes the MTF of the T direction. Specifically, the solid line 
denoted by Si is the MTF of the S direction at the center of the field angle; 
the solid line denoted by S2 is the MTF of the S direction at the field angle 
of 14 degrees; the solid line denoted by S3 is the MTF of the S direction at 
the field angle of 20 degrees; the broken line denoted by T2 is the MTF of 
the T direction at the field angle of 14 degrees; and the broken line denoted 
by T3 is the MTF of the T direction at the field angle of 20 degrees. 

With the experimental example, 42 cycles of calculation for 
optimization for Target 1 and 33 cycles of calculation for optimization for 
Target 2 are run. Here, the cycle denotes the operation of a series of steps 
of calculation for optimization. For example, one cycle denotes performing 
one cycle of calculation for optimization on aberration and then one cycle of 
calculation for optimization for adjusting weights and target values on the 
MTF 

As a comparative example to the experimental example, calculation 
for optimization with aberration as the evaluation target is performed 
without performing automated adjustment to weights and target values for 
aberration. The same lens data, design condition and the like of the 
starting point as those of the experimental example are set. In this case 
the minimum point is reached in the 14th cycle. That is, calculation time 
required for the MTF optimization of the comparative example is only the 
same as that of the conventional optimization. As another comparative 
example, performed is conventional optimization such that parameters are 
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directly changed in a manner that the first merit function on the MTF takes 
the minimum without performing automated adjustment to weights and 
target values for aberration. In this case, due to the influence of 
non-linearity of the MTF, the optimal solution near the starting point is the 
local minimum. Specifically, the evaluated values of the aberration and the 
MTF of this comparative example are not much improved compared to the 
evaluated value of the starting point. 

As has been described above, with the experimental example 
preferable optimization of the MTF is realized compared to the conventional 
method. 

[Second embodiment] 

A second embodiment of the present invention will be described 
herein below. The same elements as those in the first embodiment are 
indicated by the same reference numerals and the description is 
appropriately omitted in the following description. 

With the second embodiment, MTF optimization in the first 
embodiment is applied to a so-called global optimization. The function to 
optimize the optical system according to the second embodiment is realized 
by executing an optimization program of the optical system of the second 
embodiment in an apparatus with the hardware configuration shown in Fig. 
1 similar to the first embodiment. 

With the first embodiment above, MTF optimization such that 
weights and target values for aberration are automatically adjusted is very 
efficient and speedy as compared to the conventional optimization. The 
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MTF optimization is especially efficient when it is used with the global 
optimization. Optimization used in general is a method to seek an optimal 
solution of a merit function given. However, the global optimization is a 
method to automatically seek solutions of a plurality of local minimums 
(local minimum values) in a parameter space of a merit function given. 

With the global optimization, the merit function for aberration is 
subject to optimization. In this case, when the MTF is given as the design 
objective of the optical system, a designer has to select one solution suitable 
for the performance objective of the MTF among a number of local 
minimums obtained by the global optimization. However, there is no 
guarantee that the best solution of the merit function on aberration 
corresponds to the performance objective of the MTF. 

In Fig. 16, the vertical axis denotes values of the merit function 
whereas the horizontal axis denotes values of parameters. With respect to 
the values of parameters, used is not a specific parameter, but a hybrid 
parameter consisting of a plurality of parameters in a parameter space. In 
the drawing, the solid line denoted by 50 is a merit function with aberration 
as the target value and the broken line denoted by 51 is a merit function 
with the MTF as the target value. Dots denoted by 52A and 52B are 
examples of the local minimum of aberration. Dots denoted by 53A and 
53B are examples of the local minimum of the MTF. As shown in the 
drawing, generally the aberration and the MTF do not take the local 
minimum with the same value of parameters, but take the local minimum 
with the use of different values of parameters. In the case shown in the 
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drawing, with respect to aberration the dot 52B is the best value among a 
plurality of local minimums, but it is not always that the local minimum 
(dot 53B) of the MTF close to the dot 52B is the best value of the MTR 
With the case as in the drawing, the dot 53A is the best value among a 
plurality of local minimums of the MTF. 

With the case shown in Fig. 16, it is impossible to tell where the best 
value of the MTF is. Therefore, several solutions in which the value of the 
merit function for aberration is preferable are selected and a designer 
manually adjusts weights and target values for aberration using these 
several solutions as the starting point; and keeps adjusting to find the best 
value of the MTF, which is the conventional procedure of lens design. 
However, when this process is manually performed by a designer, the MTF 
performance can be optimized in only several solutions and manual work 
requires a considerable amount of time. Further, there is a possibility that 
a solution without adjustment weights and target values corresponds to the 
performance objective of the MTF. The MTF optimization in the 
embodiment is the optimization in which the above -described manual 
operation is automated. The MTF optimization of the embodiment is 
manually performed not by a designer but by a calculating machine, 
whereby adjustment to weights and target values of local minimums is 
performed at high speed. Among the results of MTF optimization of all 
local minimums, the best solution is further selected, thus the global best 
solution for the MTF performance can be accurately found. Choice of the 
best solution among the results of the MTF optimization of all local 



minimums may be performed by a designer. On the other hand, among a 
pluraUty of solutions, not only a minimum solution in which the merit 
function takes the minimum but also solutions in the vicinity thereof may be 
selected considering the value of the merit function for the MTF and 
outputted automatically. 

There are considered to be two kinds of combination of global 
optimization and MTF optimization as in (i) and (ii) below. In each method, 
the conventional calculation for global optimization may be used for the 
method of seeking a plurality of local minimums of aberration. The global 
optimization is realized in the following manner, for example. A program 
for global optimization is recorded on the hard disk drive 23 or the recording 
medium 25 (Fig. 1) in the form of a program executable in a computer, and 
the program is loaded into the main storage 12 and executed by the CPU 11. 
In the embodiment the first optimization unit 32 in Fig. 2 has the function 
for global optimization. 

(i) A plurality of local minimums is obtained in the global 
optimization and then the MTF optimization is applied on the all solutions 
of local minimums obtained. 

(ii) Every time one solution of a local minimum is obtained in the 
global optimization, the MTF optimization is applied on this solution. 

With reference to Fig. 17, a flow of an overall optimization process 
according to the embodiment will be described on the time order. Fig. 17 
shows the optimization process using the method as in (i). In this 
embodiment, the optimization program for performing a process including 



each step shown in Fig. 17 is recorded on the hard disk drive 23 or recording 
medium 25 (Fig. l) on the form of a program executable in a computer 
similar to the first embodiment, for example. 

With the apparatus for optimizing an optical system, firstly the 
initial setting unit 31 (Fig. 2) performs input process of values for initial 
setting of various data required for optimization (Step S4l). This input 
process corresponds to the process in Step SIO in Fig. 3, but the process of 
Step S41 further includes initial setting unique to the global optimization in 
addition to the initial setting (initial setting of data of components, setting 
of parameters for optimization or the like) performed in Step SIO. The 
input process in Step S41 includes setting of the number of local minimums 
to be sought in the global optimization. 

On the basis of the setting in Step 41, the first optimization unit 32 
initiates the process of global optimization on aberration, seeking for local 
minimums (Step S42). Subsequently, the first optimization unit 32 judges 
whether the specified number of solutions of local minimums are obtained 
(Step S43). When the specified number of solutions for local minimums is 
not obtained (Step S43; N), a search for local minimums is performed again 
in Step S42. 

Meanwhile, when the specified number of solutions are obtained 
Step S43; Y), MTF optimization is applied to all the local minimums 
obtained in the second optimization unit 33 (Step S44). On the other hand, 
only part of local minimums may be subject to MTF optimization, the part 
being selected considering the value of the merit function for aberration. 



Step S44 corresponds to Step S30 in Fig. 3. In Step S44, optimization 
process posterior to S30 is applied to each solution of all local minimums 
obtained (or a specific local minimum). Thus, a plurality of local 
minimums of the MTF is obtained. Thereafter, solutions of the plurality of 
local minimums of the MTF obtained are outputted by the output device 38. 
Among the solutions of the plurality of local minimums of the MTF, at least 
one solution in which the value of the merit function takes the minimum 
may be outputted with the merit function for the MTF as a criterion, for 
example. 

In a case to perform the optimization process as in (ii), the 
optimization process of the MTF in Step S44 is performed after Step S42 in 
Fig. 17. 

As has been described herein before, with the embodiment, 
optimization of the optical system is performed with the MTF performance 
as the final goal by combining the global optimization and the MTF 
optimization, whereby the global best solution with respect to the MTF 
performance can be efficiently obtained at high speed compared to the 
conventional method. 
[Experimental example 2] 

An experimental example of lens optimization with actual numeric 
values using the method of optimizing an optical system and the apparatus 
for optimizing an optical method according to the embodiment. 

With the experimental example, described is an example where the 
tessar type photographic lens shown in Figs. 4 and 5 are subject to 
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combination optimization of the global optimization and the MTF 
optimization. With the experimental example, similar to the first 
experimental example of the first embodiment above, optimization is 
performed under the design condition as in Fig. 6. In this experimental 
example, parameters are the radius of curvature Ri, the surface separation 
Di, the refractive index Ndi and the Abbe's number vdi as in Fig. 5, and 
target values to be described below is used in the merit function. 

The same merit function for aberration and the condition for 
constraint are used as those used in the first experimental example. 
Target values for the merit function for the MTF as shown in Fig. 18 are set. 
With the setting of the target values, the target value of the S direction at 
the field angel of 20 degrees is 60 % which is 5% higher as compared to 
Target 1 as in Fig. 7. Other setting conditions are the same as those of 
Target 1 in Fig. 7. 

Fig. 19 shows values of the merit function for the aberration and the 
MTF of the solutions of a plurality of local minimums obtained by 
optimization under the following condition. In Fig. 19, values of the merit 
functions for aberration are not the values after the MTF optimization but 
the values of local minimums obtained by the global optimization prior to 
the MTF optimization. With the experimental example, ten local 
minimums of aberration are automatically obtained by the global 
optimization. However, for facilitating descriptions, among the local 
minimums five solutions showing an apparently greater degree of 
aberration are eliminated and other five solutions (Solution number 1 to 5) 
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are subject to MTF optimization. The table in Fig. 19 contains the values 
of these five solutions subject to the MTF optimization. 

In Fig. 19 Solution number 1 is the local minimum which can be 
reached directly from the starting point of optimization, thus practically 
Solution number 2 to 5 are considered to be local minimums obtained by the 
global optimization. The smaller the value of the merit function is, the 
higher performance is. Thus, as apparent from Fig. 19, Solution number 3 
is the best solution of the MTF. The lens data of this best solution is shown 
in Fig. 20. The same symbols as those in lens data in Fig, 5 are used in Fig. 



Figs. 21 to 25 are illustrations of photographic lenses 1-1 to 1*5 
corresponding to Solution number 1 to 5, respectively. The same symbols 
as those in Fig. 4 are used in Figs. 21 to 25. Figs. 26 to 30 show MTF 
performance of the photographic lenses 1-1 to 1-5. The same symbols as 
those in Fig. 14 are used in Figs. 26 to 30. 

As described above, with the experimental example more preferable 
optimization of the MTF is achieved compared to the conventional global 
optimization. 

The invention is not limited to the above embodiments and various 
modifications are possible. For example, in the above embodiments 
described is the case where the MTF is used as the design objective. 
However, the invention can be widely applied to a case where optical 
properties expressed by values having high non-linearity with which long 
calculation time is required such as half-width of a point spread function are 
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used as the design objective. The present invention can be applied to 
optical properties where the design objective can be expressed by values of a 
merit function on aberration such as RMS spot size. The function of 
adjusting weights for aberration for each sample object point so as to satisfy 
the target value for each sample object point is a new function and 
particular to this case. More generally, the invention is also applicable to a 
case such that other optical properties which need adjustment to weight for 
aberration with regard to each sample object point so as to satisfy the target 
value for each sample object point are used as the evaluation subject. 

In the second embodiment, described is a case where after obtaining 
local minimums by global optimization, weights and target values for 
aberration are automatically adjusted in a manner that the evaluated value 
of the MTF approaches the desired value with respect to the obtained local 
minimums. However, calculation for optimization may be performed on the 
obtained local minimums directly using the MTF as the evaluation subject 
without performing automated adjustment to weights and target values for 
aberration. 

According to the method of optimizing an optical system, the 
apparatus for optimizing an optical system and a recording medium on 
which an optimization program for an optical system is recorded of the 
invention, the function for optimization on the first optical property is 
automatically adjusted in a manner that the value of the second optical 
property approaches the desired target value of the second optical property 
on the basis of at least the evaluation result of the optical system on the 




second optical property, the second optical property having relatively high 
non-linearity with design parameters of the optical system compared to the 
first optical property, and then on the basis of this function automatically 
adjusted, the optical system which has been optimized is re-optimized. As 
a result, the function such as adjustment of weights and target values 
equivalent to the operation which has been conducted by a designer can be 
automated. Thus, optical properties having high non-linearity such as the 
MTF are efficiently optimized at high speed compared to the conventional 
method. 

According to the method of optimizing an optical system of another 
aspect of the invention, the first function is automatically adjusted on each 
of the plurality of local optimal solutions obtained by global optimization. 
As a result, the global best solution is efficiently obtained at high speed 
compared to the conventional method. 

Obviously many modifications and variations of the present 
invention are possible in the light of the above teachings. It is therefore to 
be understood that within the scope of the appended claims the invention 
may be practiced otherwise than as specifically described. 



